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Abstract
The effects of phosphorus doping on physical, chemical, optical and electric properties of hydrogenated amorphous silicon thin
films (a-Si:H(P)), deposited by DC magnetron sputtering technique are presented. Doping was carried out from the use of a
nontoxic phosphorus liquid source based on hydrocarbons (trimethylphosphine: TMP, (P (CH3)3) introduced into the deposit
chamber by using hydrogen as carrying gas. The a-Si:H(P) films were deposited at different TMP partial pressures and discharge
powers. The samples were characterized by optical transmission, electric conductivity measurements and infra-red absorption
(FT-IR). IR absorption measurements clearly evidenced that the increase of the TMP partial pressure is accompanied by the
appearance of additional bands relating to the constituent elements of the TMP (H, C, P). In the same way, a reduction in the
phosphorus and carbon contents with the increase of the discharge power is observed. Optical transmission showed an increase of
optical gap and a decrease of refractive index with the increase of the TMP partial pressure correlated to the carbon film content.
An increase of the plasma discharge power induced a reduction in optical gap energy value accompanied by an increase of
refractive index due to a reduction of Si-H bonds and the carbon content. The effect of annealing temperature shows that a
significant increasing of conductivity can take place between 200 and 350°C.
© 2009 Elsevier B.V.
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1. Introduction
Since that hydrogen incorporation in hydrogenated amorphous silicon matrix made it possible to reduce
considerably the defects density in the forbidden band [1,2] and made possible its doping [3], scientists and
industrialists expressed a great interest for this material and its derivatives (microcrystalline, polymorphic, and
alloys…).This interest is due mainly to its use in photovoltaic conversion of the solar radiation. Hydrogenated
amorphous silicon (a-Si:H) for low power applications appeared on the scene in 1975. Spear and Le Comber [4]
produced, for the first time, a-Si:H doped with boron and phosphorus, and Carlson and Wronski [5] obtained the
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first a-Si:H junction. R.Terasa et al. have successfully develop an alternative doping method of amorphous and
microcrystalline silicon by using TMP as a phosphorous dopant for various deposition systems plasma frequencies
and different plasma sources operating at 13.56, 27.12 MHz (parallel plate capacitive type system) and 163 MHz
(VHF resonance plasma source) [6].
The preparation of this type of a-Si:H thin films can be made frequently by two methods of deposition: (i) CVD
(Chemical Vapor Deposition) and (ii) sputtering. The sputtering technique is not extensively used, but it has the
advantages of simplicity and possibility to separate material radicals and then, to facilitate the control of the
chemical material composition.
The electronic properties of hydrogenated amorphous silicon can be controlled by adding gases containing the
doping elements, such as phosphorus or boron, during the film deposition. The principal objective assigned to this
work was to replace the phosphine, which is strongly toxic, by a liquid source of nontoxic phosphorus based on
hydrocarbon (trimethylphosphine: TMP, (P(CH3)3). In this study, the effects of the phosphorus incorporation on the
structural, optical and electrical properties of TMP-doped hydrogenated amorphous silicon films (a-Si:H(P)) are
presented. Deposited films (0.7-1.0 μm thick) at various TMP partial pressures between 0 to 6.3 Pa and for power
discharge ranging 70 to 200W were characterized by infrared absorption, optical transmission and electrical
conductivity measurements.
2. Experimental details
Phosphorus-doped hydrogenated amorphous silicon thin films were deposited using a DC magnetron sputtering
system on two kinds of substrates: Corning glass 9075 (for optical transmission and electrical conductivity
measurements) and silicon single crystal two faces polished (for infrared absorption). This system is equipped with a
DC generator of maximum power of 1.8 kW and whose maximum tension not exceeding 600V. It allows a control
in power while varying the target bias voltage and the current to keep a constant power during the film deposition.
The target and the substrate holder were in parallel plate configuration, at a distance set to 33mm. The sputtering
target was high resistivity crystalline silicon (3 inch, 99.99995% purity). Before the deposition, the chamber was
heated at about 100°C at a pressure lower than 4.10-5 mbar (4.10-3 Pa). The gas mixture, hydrogen and argon both of
99.999% purity, was introduced into the plasma region. We used the trimethylphosphine (TMP) as a doping source,
by using hydrogen as carrying gas. This chemical compound with the formula P(CH3)3, liquid at room temperature
and at atmospheric pressure, is characterized by a strong and unpleasant odor. It has C3V symmetry, identical to PH3
phosphine (figure 1).
Fig 1: The structure of the trimethylphosphine TMP.
The a-Si:H(P) films were deposited at different TMP partial pressure and discharge powers while keeping the
other deposition parameters constant (duration, temperature).
The deposition conditions were chosen so as to obtain a-Si:H films with good electrical characteristics; typical
conditions were summarized in table I.
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Table I: Deposition conditions of the various a-Si:H(P) films deposited at different TMP partial pressures (1) and various discharge powers (2).
Series 1 Series 2
Deposition Temperature (°C) 260 260
Ar partial pressure (Pa) 5.7 3
TMP partial pressure (Pa) 3– 6.1 3
Plasma power (W) 130 70 - 200
Deposition time (min.) 30 30
The optical transmission measurements were performed in the UV-VIS-NIR region (300-2500nm). The analysis
of the optical transmission spectra allows evaluating the film thickness "d", the static refractive index "ns" and the
absorption coefficient "". The optical gap " gE " is deduced from the known Tauc relation [7] by extrapolating the
linear behaviour of 2/1)h( να as a function of photon energy νh .
The chemical bonding nature of the films was investigated by measuring infrared (IR) absorption spectra using a
Perkin-Elmer Infra-Red Spectrometer with a resolution of 2cm-1, in a range from 400 to 7000cm-1. This
characterization allows the determination of the chemical bonds present in the material and their configurations
through the evolution of the absorption peaks related to the various vibration modes of Si-H, P-H, Si-C, and C-H
bonds. It also enables to estimate the concentration of the various configurations of the Si-H bonds [8].
Electrical conductivity measurements under darkness made it possible to follow a change of the layers electrical
properties and doping effectiveness.
3. Results and discussions
3. 1. Structural properties
Figure 2 shows the infrared absorption spectra of a-Si:H(P) films deposited at different TMP partial pressures. On
this figure, oscillatory modes of the Si-H molecules are found nearly at 640, 840, 880, 2000 and 2100 cm-1 [2,3].
Absorption at 640 cm-1 is attributed to the swinging modes (wagging/rocking) of Si-H bonds [7,8]. Absorption at
2000 cm-1 corresponds to the elongation mode (stretching) of Si-H bonds, which breaks up clearly into two sub-
bands centered at 2000 and 2090 cm-1 allocated to the monohydrids (Si-H) and polyhydrids (Si-H2, Si-H3,…) bonds
respectively [9,10]. Absorption at 850 cm-1 is attributed to the bending modes of the polyhydrids groups. The effect
of TMP partial pressure can be observed through the vibration modes located at 670, 760, 990 cm-1 and from the
broadening of the 2000 cm-1 band and it displacement towards the high frequencies.
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Fig 3: Evolution of the IR absorption peaks according to power
discharge.
Fig 2: Infrared absorption spectra of a-Si:H(P) films deposited at
different TMP partial pressure.
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Absorption at 670 and 760 cm-1 are attributed to the wagging modes of P-H [11] and Si-C bonds [12]. Absorption
at 990cm-1 corresponds to the stretching modes of Si-CH3 bonds [13]. Absorptions at 1200-1000 cm-1 correspond to
the Si-O-Si and Si-O-C bonds [14]. From Figure 2, an increase in the phosphorus and carbon contents with the
increase of the TMP partial pressure through an increase in the peaks intensity at 670 cm-1 (P-H), 760 cm-1 (Si-C)
and 990 cm-1 (Si-CH3) is clearly evidenced. In the same way, a reduction in the phosphorus and carbon contents
with the increase of the discharge power is observed in figure 3. The shift of the 2090 cm-1 band to 2000 cm-1 with
the increase of the discharge power is due to the reduction in the carbon film content. The incorporation of carbon
impurities in the a-Si:H matrix, element more electronegative than silicon, causes a displacement of the 2000 cm-1
band towards 2100 cm-1.
3. 2. Optical properties:
The optical transmission measurements are used for the determination of the layers thicknesses, the absorption
coefficient "α ", the static refractive index "nS" as well as optical gap " gE ". To describe the variations of α in the
area of strong absorption ( 12 cm10 −>α ), Tauc [7] presents the following equation: )Eh(B)h( g21 −ν=να
According to the deposition conditions given in table I and the film thicknesses of a-Si:H(P) films deposited at
different TMP partial pressures, we observed that the deposition rate, determined from film thickness and deposition
time, decreases as the TMP partial pressure increases (figure 4). This reduction is often evidenced in the deposition
methods having like principle sputtering by gas mixture plasma [15]. Indeed, the introduction of TMP in the form of
molecules into the deposition chamber is accompanied by a rupture of the bonds; the produced species obstruct the
ions Ar+ in the sputtering process of the target, thus decreasing the output. In figure 4, we have also represented the
evolution of the deposition rate of a-Si:H(P) films versus the plasma discharge power. The deposition rate increases
linearly with the discharge power. The slope value ( Å/(s.kW)75=a depends on the deposition group and the partial
pressures of gases introduced into the deposition chamber. This dependence is more or less significant from one
group to another following the discharge characteristics [16].
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In figure 5, optical gap, gE , and refractive index sn are plotted as a function of TMP partial pressure. The
observed increase of optical gap is correlated to the carbon atoms than that to the phosphorus doping elements.
Indeed, this element constituting the TMP, induces a carbon/silicon alloy effect. Figure 5 shows the known decrease
of refractive index when the optical gap increase [17], indicative of a material structure change. This effect can be
explained by the molecular configuration of the TMP (P(CH3)3), which contains much carbon and hydrogen atoms.
This increase of the optical gap result from a progressive carbon incorporation in the a-Si:H matrix as the TMP
Fig 4: TMP partial pressure and discharge power effects on the
deposition rate of a-Si:H(P) films. In insert, the evolution of the
deposition rate of a-Si:H(P) films versus the plasma discharge
power is represented.
Fig 5: Optical gap and the refractive index variations according to
TMP partial pressure.
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partial pressure increases. The reduction in the refractive index, characteristic of the compactness of material, is
attributed to incorporation of great hydrogen (carrying gas) and carbon concentrations [18] as illustrated in figures 2
and 5. In addition, the material density does not only depend on the total hydrogen contents, but also on the bond
modes with the silicon atoms [19]. Indeed, when hydrogen is present in material as polyhydrids forms (Si-H2 and
(Si-H2)n), it supports the formation of micro cavities in the sample becoming thus less dense, resulting in a
reduction of refractive index [19].
In figure 6, the variation of static refractive index and optical gap according to plasma power are represented. The
optical gap decreases with the increase in the power of plasma. The reduction in optical gap energy value
accompanied by an increase of refractive index is much more due to a reduction of Si-H bonds and the carbon
content with the increase of the discharge power (figure 3) than that to a doping effect. Over 130W, the decrease of
the refractive index with the increase of the plasma discharge power is correlated with the bombardment effects of
the samples surface during its growth, as the deposition rate increase (figure 4).
60 80 100 120 140 160 180 200
1.8
1.9
2.0
2.1
2.6
2.7
2.8
2.9
3.0
3.1
3.2
St
at
ic
re
fr
a
ct
iv
e
in
de
x
O
pt
ic
a
lg
a
p
(eV
)
Discharge power (W)
Fig 6: Static refractive index and optical gap variations according to plasma discharge power.
3.3. Electrical properties and annealing effect:
The electrical conductivity measurements, under darkness ( dσ ) and under illumination ( phσ ) , according to the
temperature at different TMP partial pressures allowed following the evolution of the activation energy Ea as well as
the films sensitivity to the light. The variation of the dark conductivity dσ versus temperature in the Arrhenius plot
representation follows a linear variation. This linearity is associated to an electric conduction in the extended states;
it corresponds to a thermally activated conduction mode which can describe by the following expression:






−σ=σ
Tk
E
exp
B
a
0d
where aE is the thermal activation energy and Bk the Boltzmann constant. At 40°C, the conductivity of the TMP
doped samples compared with that the undoped a-Si:H ( 1110 .10 −−− Ω= cmσ ) is higher by five orders of magnitude.
The electrical conductivity variation with n-type doping is often explained by the Fermi level shift into the upper
half bandgap.
The variations of electrical conductivity under darkness " dσ ", measured at 40°C, and its activation energy, aE ,
according to TMP partial pressure are illustrated in figure 7. The doping effect in a-Si:H(P) films is confirmed by
the activation energy values which are lower than half gap value (Eg/2) and lower than that of undoped a-Si:H films
at about 0,86 eV. The important decrease of dσ , by five orders of magnitude, when the TMP partial pressure
increase is correlated to an increase of the optical gap, as illustrated by figure 5. This degradation of d is certainly
the consequence of the increase of its activation energy from ~0.3 to 0.8 eV, and can be correlated to the carbon
incorporation and to the hydrogen passivation of phosphorus atoms through the creation of Si-H---P bonds [20]. The
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formation of SiC at higher doping levels limits the feasible dark conductivity and is accompanied by a change of the
optical properties of the a-Si:H(P) layers.
The insert of figure 7, where we have represented the evolution of the
d
ph
σ
σ
ratio according to the TMP partial
pressure, clearly evidenced an improvement of the photoconductive material properties by the increase of the TMP
partial pressure.
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In figure 8 we represented the variations of electrical conductivity under darkness " dσ ", measured at 40°C, and
its activation energy, aE , according to plasma discharge power. This increase of electrical conductivity is the
consequence of its activation energy decreasing, accompanied by a reduction in the optical gap, is much more due to
a reduction of Si-H bonds and the carbon content with the increase of the discharge power that for a doping effect as
illustrated by figures 3 and 6. As for refractive index, a particular behaviour of the electrical properties appears with
the increase of the plasma discharge power over 130W. A reduction in the conductivity, correlated with an increase
in the energy of activation due to the bombardment effect of the surface samples, is induced by the increase of the
deposition rate.
It should be also noted the photoconductive character of the samples of this second series, which are
characterized by a great light sensitivity (about 100).
The effect of annealing temperature on electrical conductivity was also studied. Figure 9 shows the variation of
dark conductivity d and the activation energy versus the annealing temperature related to the worst a-Si:H sample
in term of electrical conductivity, but the best in term of photoconductivity, deposited at TMP partial pressure of
6.1Pa. The present data can be broadly divided into two distinct temperature regions. In 40-175°C region the value
of dσ increases significantly, thereafter, it increases slightly in 175-250°C region. The increase of conductivity with
annealing can be explained by the increase of the doping effectiveness through the activation of the phosphorus
atoms in the silicon matrix. The decrease of Ea can be related to the shift of the Fermi level towards the conduction
band due to phosphorus doping.
Fig 7: Evolution of darkness conductivity, measured at 40°C, and
the activation energy according to the TMP partial pressure.
Fig 8: Evolution of darkness conductivity, measured at 40°C, and
the activation energy according to the discharge power.
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Fig 9: Variation of dark conductivity d and activation energy versus annealing temperature.
The insert of figure 9, where we have represented the evolution of the
d
ph
σ
σ
ratio according to the annealing
temperature, clearly evidenced an improvement of the photoconductive material properties, with a sensitivity factor
exceeding three orders of magnitude.
4. Conclusion
In this work we studied the effects of the phosphorus doping of hydrogenated amorphous silicon, deposited in
thin layers by DC magnetron sputtering. Doping is carried out by the addition of trimethylphosphine (TMP) in a
deposit chamber using hydrogen as carrying gas.
IR absorption measurements clearly evidenced that the increase of the TMP partial pressure is accompanied by
the appearance of other bands, in addition to those observed in a-Si:H (640, 880 and 2000cm-1), relating to the
constituent elements of the TMP (H, C, P). It causes also the displacement of the band at 2000 to 2090cm-1
associated with the polyhydrids bonds. Optical transmission measurements made allows showing a displacement of
the absorption front towards the higher energies associated with an increase of the material bandgap. This increase
in the gap is accompanied by a reduction of the static refractive index.
Infra-red absorption measurements allowed to follow the phosphorus incorporation effect on the physico-
chemical properties of material through the evolution of the absorption peaks related to the various vibration modes
of the Si-H, P-H, Si-C, and C-H bonds. The effect of the annealing temperature on the electric photoconductivity of
material was also studied. We highlighted that the deposited a-Si:H(P) films are photoconductive with an
improvement after a thermal annealing in the range 130-250°C correlated with an activation of the phosphorus
atoms in the a-Si:H matrix.
Electrical conductivity measurements show that dark conductivity could exceed 10-5 Ω-1cm-1 for n type
amorphous silicon films. They also clearly evidenced a change of the electric properties of the layers due to the
carbon incorporation in a-Si:H matrix which limits the phosphorus doping effectiveness.
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